Abstract: The Dmanisi hominins inhabited a northern temperate habitat in the southern Caucasus, approximately 1.8 million years ago. This is the oldest population of hominins known outside of Africa. Understanding the set of anatomical and behavioral traits that equipped this population to exploit their seasonal habitat successfully may shed light on the selection pressures shaping early members of the genus Homo and the ecological strategies that permitted the expansion of their range outside of the African subtropics. The abundant stone tools at the site, as well as taphonomic evidence for butchery, suggest that the Dmanisi hominins were active hunters or scavengers. In this study, we examine the locomotor mechanics of the Dmanisi hind limb to test the hypothesis that the inclusion of meat in the diet is associated with an increase in walking and running economy and endurance. Using comparative data from modern humans, chimpanzees, and gorillas, as well as other fossil hominins, we show that the Dmanisi hind limb was functionally similar to modern humans, with a longitudinal plantar arch, increased limb length, and human-like ankle morphology. Other aspects of the foot, specifically metatarsal morphology and tibial torsion, are less derived and similar to earlier hominins. These results are consistent with hypotheses linking hunting and scavenging to improved walking and running performance in early Homo. Primitive retentions in the Dmanisi foot suggest that locomotor evolution continued through the early Pleistocene. Dear Author, Any queries or remarks that have arisen during the processing of your manuscript are listed below and highlighted by flags in the proof. Please check your proof carefully and mark all corrections at the appropriate place in the proof (e.g., by using on-screen annotation in the PDF file) or compile them in a separate list.
Introduction

Q2
The locomotor anatomy of fossil hominins is notable for its variability (Aiello and Dean, 1990; Klein, 1999; Harcourt-Smith and Aiello, 2004; Conroy, 2005) . Nonetheless, two broad grades of locomotor anatomy can be distinguished within the last 4 million years of hominin evolution (Klein, 1999; Bramble and Lieberman, 2004; Conroy, 2005) . Members of the older group, the australopithecines, were habitual terrestrial bipeds that retained several primitive features related to arboreal locomotion, including relatively long arms and short hind limbs, long, curved phalanges, and a funnel-shaped torso with narrow shoulders and superiorly oriented glenoid fossa (Aiello and Dean, 1990; Ward, 2002; Bramble and Lieberman, 2004; Alemseged et al., 2006) . In contrast, members of the genus Homo possess a suite of derived post-cranial traits associated with greater cursoriality, including longer hind limbs, shorter pedal phalanges, and a rigid longitudinal plantar arch (Shipman and Walker, 1989; Aiello and Dean, 1990; Bramble and Lieberman, 2004) . Recently, we reported new post-cranial fossils for hominins from the site of Dmanisi that possess a mix of primitive and derived features (Lordkipanidze et al., 2007) . In this paper, we assess the locomotor mechanics and energetics of these hominins and discuss the selection pressures shaping the transition from Australopithecus to Homo.
Many of the derived hind limb features of the genus Homo suggest improved walking and running performance relative to the australopithecines. Increased hind limb length, evident in Homo erectus and later hominins, decreases the energy cost of walking and running in humans (Minetti et al., 1994; Steudel-Numbers and Tilkens, 2004; Steudel-Numbers, 2006 ) and other terrestrial animals (Kram and Taylor, 1990; Pontzer, 2005 Pontzer, , 2007a Pontzer et al., 2009 ). The stiff longitudinal plantar arch, which may be present as early as Homo habilis (Harcourt-Smith and Aiello, 2004) , improves efficiency in two ways: first, by acting as a spring during running, storing energy during midstance and returning it during toe-off (Ker et al., 1987; Alexander, 1991) , and secondly, improving
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walking economy by providing rigidity to the foot during toe-off. The shorter toes of Homo decrease the digital flexor muscle work required during the second half of the stance phase (Rolian et al., 2009 ) and should, in principle, decrease the energy needed to swing the leg by decreasing the mass of the foot (Myers and Steudel, 1985; Browning et al., 2007) . Other features, such as the fully adducted and more robust first ray, larger articular surfaces in the hind limb, derived anatomy of the gluteus maximus muscle, and enlarged calcaneal tuberosity evident in Homo may also improve walking and running endurance and economy (Bramble and Lieberman, 2004; Lieberman et al., 2006) .
The emergence of these locomotor adaptations in the early Pleistocene has led several authors to suggest that the transition from Australopithecus to Homo reflects a change in foraging behavior and an increase in daily travel distance (Shipman and Walker, 1989; Isbell et al., 1998; Bramble and Lieberman, 2004; Pontzer, 2006) . Specifically, it has been proposed that the evolution of Homo in the early Pleistocene marks the advent of carnivory and the inclusion of meat as a substantial proportion of the diet (Shipman and Walker, 1989; Bramble and Lieberman, 2004; Pontzer, 2006) . This hypothesis is supported by the advent of stone tools and the evidence of butchery at some early Pleistocene sites (Klein, 1999) . Comparative studies in extant mammals suggest that carnivory entails increased locomotor demands. Living, hunting and scavenging carnivores travel four times farther per day, on average, than similarly sized herbivores (Garland, 1983; Carbone et al., 2005) . Thus, a shift in the diet to include more meat would likely necessitate increased travel and may have led to selection for endurance and economy.
Others have proposed that alternative selection pressures underlie the anatomical changes evident in the early Pleistocene. For example, the long limbs and slender build of early African H. erectus may be an adaptation for maintaining high activity levels in warmer climates, increasing the ratio of skin surface area to body mass to promote convective heat loss and reduce heat stress, following Allen's rule (Ruff and Walker, 1993; Walker, 1993) . Alternatively, the derived body proportions of early Pleistocene Homo may be a pleiotropic effect of increased body size (Lovejoy, 1999) , which may have increased in response to socio-ecological pressures (O'Connell et al., 1999; Wrangham et al., 1999) , or to reduce mortality during childbirth associated with increased brain size (Lovejoy, 1999) . Unfortunately, because warm climate, carnivory, and large body size occur together in East African sites from which early Homo is known, parsing the relative effects of these selection pressures has not been possible in the African fossil record.
Recent finds from the Georgian site of Dmanisi, dated to the earliest Pleistocene at 1.77 million years ago (Lordkipanidze et al., 2007) , provide an important new perspective on this debate and the origin of our genus. The site of Dmanisi is located in a northern temperate climate (41 North latitude) in a region that currently maintains a climate that is approximately 17 C cooler than the Turkana basin of Kenya (see Supplementary Information), where many early Pliocene specimens of African H. erectus have been recovered. The fossil hominins at Dmanisi retain a number of primitive features, including a relatively small brain (Vekua et al., 2002; Rightmire et al., 2006) and small stature (Lordkipanidze et al., 2007 ), compared with penecontemporary African H. erectus. This suggests the Dmanisi hominins were not under heat stress and did not have the larger body and brain size associated with African H. ergaster or H. erectus sensu lato. However, the numerous manuports and stone tools found at Dmanisi, as well as evidence for butchery in the form of cut marks on bovid long bones (Lordkipanidze et al., 2007) , indicate some degree of carnivory in these hominins. Thus, the Dmanisi hominins provide an opportunity to test the hypothesis that the locomotor adaptations evident in early Homo are related to foraging demands, rather than climate or size-related pressures.
In this paper, we examine anatomical features of the Dmanisi hind limb and investigate the functional implications for locomotor performance in these hominins. Using comparative data from African apes, humans, and other fossil hominins, we test the hypothesis that the Dmanisi hominins show improved locomotor endurance and economy relative to earlier hominins. We also compare the Dmanisi hominins with African H. erectus and later hominins to examine the additional effects of climate and increased body size on locomotor anatomy. Finally, because the Dmanisi hominins are the oldest members of the genus Homo to preserve both a complete hind limb and partial foot, we examine the implications of their morphology for hominin locomotor evolution.
Materials and methods
Materials
Post-cranial fossils from the site of Dmanisi in the Republic of Georgia were reported and described previously (Lordkipanidze et al., 2007) . The hind limb elements include a femur (D4167), patella (D3418), tibia (D3901), talus (D4110), medial cuneiform (D4111), first metatarsals (D2671, D3442), third metatarsals (D2021, D3479), fourth metatarsals (D2669, D4165), and fifth metatarsal (D4058). The femur, patella, tibia, talus, and three metatarsals (D2021, D4165, D4058) appear to belong to one adult individual, while the other material may belong to three smaller individuals (Lordkipanidze et al., 2007) . All visible epiphyses are fused, although material from one smaller individual (D2671, D2669) is associated with subadult humeri (Lordkipanidze et al., 2007) . We focus on the femur, tibia, talus, and metatarsals in this study.
Comparative data for chimpanzees (Pan troglodytes), gorillas (Gorilla gorilla), and modern humans (Homo sapiens) were collected at the Cleveland Museum of Natural History (HamanneTodd Collection), Powell-Cotton Museum, American Museum of Natural History, Peabody Museum of Archeology and Ethnology (Harvard University) and the Harvard University Museum of Comparative Zoology. Ape material is primarily from wild-shot specimens. The human material is from 20th century Americans (HamanneTodd Collection) and 15e16th century Eastern Europeans (Mistihalj Collection, Peabody Museum). Sample sizes and composition varied among analyses, as is discussed for each comparison.
Data for other fossil hominins were taken from the literature or from casts at Washington University and Harvard University. For the early modern human (EMH) and Neanderthal samples, body masses were taken from Ruff et al. (1997) while femur and tibia lengths were taken from Trinkaus (1981) . The Neanderthal sample consists of nine individuals (Amud 1, La Chappelle 1, La Ferrassie 2 and 4, Spy 2, Shanidar 1, 5 and 6, and Tabun C1), while the EMH sample consists of 12 (Grotto des Enfants 4 and 5, Predmosti 3, 4, 9, 10 and 14, Skhul 4, 5 and 6, Caviglione 1, Baousso da Torre 1). For the KNM-WT 15,000 skeleton, a body mass of 51 kg was used, following a recent study of body mass estimation in juvenile humans (Ruff, 2007) .
Measurements
In assessing locomotor performance in the Dmanisi hominins, we focused primarily on skeletal traits that have been directly linked to economy and efficiency in experimental studies. Specifically, we examined hind limb length, which has been shown to be the single largest anatomical determinant of locomotor cost in terrestrial animals (Pontzer, 2007a,b) , and the presence of a plantar
arch, which has been shown to improve the efficiency of the human foot (Ker et al., 1987) . Hind limb length was measured in relation to estimated body mass and the presence of a plantar arch was assessed using the pattern of metatarsal torsion, as discussed below. In addition, we examined metatarsal robusticity and tibial torsion to determine whether the habitual pattern of metatarsal loading in the Dmanisi hominins was similar to that of modern humans, and whether any differences in metatarsal loading regime might be due to differences in tibial torsion. Element dimensions and torsion angles were measured as follows.
Linear dimensions
Bicondylar length of the femur (M2; Martin, 1957) and maximum length of the tibia (M1a; Martin, 1957) were measured using a custom-made osteometric board. For the Dmanisi sample, linear measurements of the tarsals and metatarsals were taken using standard digital calipers. In the extant sample, metatarsal linear measurements were collected from digital scans taken on a flatbed scanner at a resolution of 300 dpi (MicroTek i320 ScanMaker, Carson, CA, see Rolian et al., 2009 for details). The scanner method has been validated in several morphometric studies (e.g., Hallgrimsson et al., 2002; Young and Hallgrimsson, 2005) , and provides several advantages over camera or caliper based methods, including reduced measurement error and parallax. Measurements for comparative fossil material were taken from the literature, or, when necessary, from casts.
Metatarsal torsion
Metatarsal torsion, measured about the long axis of each metatarsal, was calculated by comparing the major axis of the proximal and distal articular surfaces ( Fig. 1C and D) . The major axis was defined as the longest diameter of the articular surface. The metatarsal was rested with its proximal end on graph paper on a hard surface with the long axis of the bone standing vertically. The major axis of the proximal articular surface was aligned to coincide with a line of reference (i.e., a line on the graph paper). Sighting down, along the long axis of the bone, the projected endpoints of the major functional axis of the distal articular surface were then marked on the graph paper. These two marks were then connected with a line, and the angle included between this line (the major axis of the metatarsal head) and the reference line (the major axis of the proximal articular surface) was taken as the degree of metatarsal torsion. The graph paper was scanned and the angle was measured using ImageJ Ò . This method was modified for the metatarsals I and V.
For metatarsal I, the sesamoid eminences on the plantar margin of the head were found to be more reliable indicators of the functional axis of the distal articular surface. The projections of these eminences were marked and used to calculate torsion angle by subtracting 90 from the angle included by the projected axis and the line of reference. For metatarsal V, the proximal articulation is oblique to the major axis of bone, and thus determining torsion was found to be easier with the metatarsal head resting on the table.
With the metatarsal placed head-down and the major axis of the head coincident with the reference line, the projected major axis of the proximal articular surface was marked and the angle between the proximal and distal axes was determined as above. In order to maintain consistency among rays, 90 was subtracted to give the torsion angle because the major axis of the proximal articular surface in metatarsal V is orthogonal to those of the other metatarsals. Where distal ends are missing (i.e., in some fossil specimens) but the orientation of the shaft is clear, torsion was measured using the major axis of the distal surface of the broken shaft (Fig. 1D ).
Our method for determining torsion is similar to the approach used by Largey et al. (2007) , although their process for determining the articular axes differed from that used here. Largey et al. (2007) determined the proximal and distal axes based on the crosssectional properties of the metatarsal shaft, whereas here these axes were determined as the major axes of the articular surfaces. In keeping with previous studies (Largey et al., 2007) , medial rotation of the metatarsal heads (i.e., pronation) was considered positive torsion, while lateral rotation (i.e., supination) was considered negative torsion. A small intraobserver repeatability study was done to assess the reliability of our method. Ten metatarsals (two of each ray) were each measured five times using the method described above. The mean standard error of measurement for each set of five repeated measurements was AE1.3 , and the mean range of measurements for a five-measurement set was 6.9 (maximum range 12.0 ). For comparison, between-group differences in metatarsal torsion for rays IIeIV were typically in excess of 20 (see below).
Tibia torsion
Torsion about the long axis of the bone (i.e., torsion in the transverse plane) was measured using digital photographs (Canon Ò ). The tibia was set on a table, posterior surface down, with its distal end near the table's edge. A photograph of the talar articular surface was then taken, with the camera oriented in the same plane as the articular surface. This process was repeated for the proximal articular surface, with the tibia's proximal end near the table edge. These digital images were then examined in ImageJ Ò . For the image of the distal articular surface, the midpoints of the lateral and medial margins of the articular surface were located and a line was drawn connecting these two midpoints. The angle between this 
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line and the edge of the table was used to determine the Distal Articular Angle. For the image of the proximal surface, the midpoint of the anterioreposterior axis of each condylar surface was located using ImageJ Ò , and a line was drawn connecting these two midpoints. The angle between this line and the edge of the table was used to determine the Proximal Articular Angle. The difference between the Proximal and Distal Articular Angles was then calculated, giving the Tibial Torsion Angle. Lateral torsion (i.e., toeing "out") was defined as positive and medial torsion (i.e., toeing "in") was defined as negative, following previous research (Martin, 1957; Hicks et al., 2007) . This method is shown for the Dmanisi tibia (D3901) in Fig. 1A and B.
Analyses Proportions and relative hind limb length
We compared linear dimensions among species to examine the size and proportion of the Dmanisi hind limb elements. Additionally, summed lengths of the femur and tibia were used to provide a measure of total hind limb length for all specimens. This approach ignores the additional hind limb length provided by the tarsals, but has the advantage of being applicable for specimens without a complete foot. We calculated a body size corrected Relative Hind Limb (RHL) length, using the formula RHL ¼ ( 
Body mass estimates for fossils were taken from the literature (Table 1) . Body mass estimates for modern humans and apes were calculated using the intra Homo and Hominoid LSR regressions, respectively, for femoral head diameter, given in McHenry (1992) . While this introduces some circularity since femoral dimensions are used for both hind limb length and body mass, given the importance of hind limb length in determining locomotor cost (Pontzer, 2005 (Pontzer, , 2007a , RHL was nonetheless viewed as useful for comparing hind limb length among species. It should be noted that other proxies of body mass generally give similar estimates of size, both in the Dmanisi sample (Lordkipanidze et al., 2007) and in extant hominoids (McHenry, 1992) . Linear measurements and RHL for species and specimens included in our analyses are given in Table 1 .
Plantar arch
To assess whether the Dmanisi hominin foot possessed a longitudinal plantar arch, we examined metatarsal torsion. In modern humans, the plantar arch produces a transverse arch at the midfoot, with the base of the first metatarsal held above the ground plane and the base of the fifth metatarsal resting on the ground plane. The major axes of the proximal articular surfaces are thus radially arrayed in the coronal plane; metatarsal torsion changes this arrangement so that the main axes of the distal articular surfaces are parallel to one another and oriented in the sagittal plane, with the axis of rotation for the metatarsal-phalangeal joints oriented horizontally ( Fig. 2A) . As noted nearly a century ago by Morton (1922) , the pattern of torsion differs in apes, reflecting the lack of a transverse arch and the functional requirement of placing the first metatarsal in opposition to the other rays ( Fig. 2B ) (see also Lewis,1980) . We examined the pattern of metatarsal torsion in the Dmanisi hominins and compared it with the torsion patterns seen in apes and humans, as well as in the OH-8 foot.
Note that other means of assessing the presence of a longitudinal plantar arch, such as cuboid or navicular morphology, could not be employed in the Dmanisi sample.
Metatarsal robusticity
First metatarsals in modern humans are substantially more robust than those of the other rays, which may reflect the mechanical stress experienced by the MTI during the second half of the stance phase and toe-off (Griffin and Richmond, 2005) . To determine whether metatarsal robusticity is similar to that of modern humans, we compared metatarsal robusticity in the Dmanisi hominins with living humans and apes, and to available hominin fossils. Metatarsal robusticity was calculated as (Dorsoplantar Midshaft Diameter 2 )/(Maximum Length Â Body Mass). This estimate of robusticity was chosen because, following standard beam theory, the bending stress on the metatarsal shaft should increase linearly with metatarsal length and load (i.e., body mass), while the resistance to bending should increase with the square of shaft diameter. Body masses were estimated from femoral head diameter (see above) or, for fossil specimens, taken from published estimates of body size. For the Dmanisi sample, metatarsals robusticity was calculated using the body mass of the individual Susman and Stern (1982) .
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with which they are associated (Table 3 ; see Lordkipanidze et al., 2007) . We used anterioreposterior (i.e., dorsal-plantar) midshaft width in order to estimate bending strength in the sagittal plane, since bending stress in the metatarsal during walking and running is expected to be greatest in the sagittal plane. One of the Dmanisi third metatarsals, D2021, is nearly complete, but is broken at the base of the metatarsal head. To provide an estimate of robusticity for this specimen, we estimated its length using the length of metatarsal IV, D2669, and the LSR equation relating metatarsal III and IV lengths in our pooled sample of humans and apes (MTIII ¼ 0.8835 MTIV þ 9.13; r 2 ¼ 0.91, n ¼ 168, p < 0.001); the estimated length (61 mm) is consistent with the morphology and length of the specimen. Another specimen, D4058, a fifth metatarsal, is also broken at the base of the head. The total length for this specimen was estimated at 62 mm, based on the preserved morphology of the head base.
In our initial description, we suggested that the Dmanisi metatarsal I was less robust, relative to the other metatarsals, than is seen in humans, and that this may be related to the lack of tibial torsion in the Dmanisi population. Greater torsion of the tibia is expected to rotate the forefoot laterally, resulting in greater stress on the medial margin of the foot during walking. In fact, plantar pressure under the first ray (metatarsal I and hallux) exceeds that of any of the other metatarsals during normal human walking and running (Hayafune et al., 1999; Nagel et al., 2008) . To test the hypothesis that the increased tibial torsion seen in modern humans relative to living apes is related to differences in relative metatarsal robusticity, we plotted the degree of tibial torsion against the ratio of robusticity in metatarsals I/III or I/IV for apes, humans, and the Dmanisi hominins. We predicted a positive relationship between tibia torsion and relative robusticity of metatarsal I, since greater lateral torsion of the foot is expected to lead to greater loading of the medial rays during walking and running.
Results
Linear dimensions and morphology
Femur and patella
The Dmanisi femur (D4167) appears to be functionally similar to other Pleistocene Homo. The greater trochanter is less elevated than the head but is laterally prominent. There is no groove for the obturator externus tendon crossing the surface of the neck, which is compressed anteroposteriorly (Lordkipanidze et al., 2007) . Anteversion (femoral torsion) is 8 , slightly below the mean for most human samples (e.g., Reikeras et al., 1983 , mean ¼ 13 , standard deviation 7 , n ¼ 47), but well within the range for modern humans (À5 to þ30 , see Yushiok et al., 1987; Hermann and Egund, 1998) Q3 . The shaft is straight in anterior view and displays the valgus orientation (associated with a high bicondylar angle) typical of hominins. The linea aspera is situated atop a well-developed pilaster. The distal end is relatively large, with a maximum width of the condyles of 75 mm. The patellar groove is deeply concave transversely, but is vertically convex. Toward its lateral margin, the patellar surface displays an area of smoothing, and tiny perforations suggest loss of articular cartilage followed by eburnation of the bone. This pathology is reflected also by evidence from the patella (D3418), which is eburnated on the inferior portion of its lateral articular surface. This osteoarthritis does not appear to have limited knee function.
Tibia
Like the femur, the Dmanisi tibia (D3901) is robust, with large proximal and distal articular ends relative to its length (Lordkipanidze et al., 2007) . The shaft is straight in the sagittal plane, with very slight bowing in the coronal plane and an oval cross-section at midshaft. The distal articulation is concave anteroposteriorly but flattened mediolaterally, and wider anteriorly (Fig. 1B) . Anteriorly, the talar articulation exhibits squatting facets, with both a crescent-shaped lateral facet and a smaller medial facet present. These notches suggest contact with the talar neck during extreme dorsiflexion of the foot at the ankle, as seen in populations that regularly adopt a squatting posture (Singh, 1959) . Posteriorly, the distal end exhibits a broad, channel-like groove for the tibialis posterior. Tibial torsion is very low (1 , see below).
Hind limb length and proportion
As noted in our initial description (Lordkipanidze et al., 2007) , the Dmanisi hominins are of smaller stature than modern humans. This is evident in the long bone dimensions. Comparing maximum lengths of the femur and tibia, the Dmanisi hominins are absolutely larger than the A.L. 288 specimen of Australopithecus afarensis, the OH-35 specimen assigned to H. habilis, and living chimpanzees and gorillas, but substantially smaller than specimens assigned to H. erectus, as well as Neanderthals and modern humans (Table 1) . RHL calculated from the Dmanisi femur and tibia is similarly intermediate. Body mass for this individual is estimated at 48.8 kg with a range of 46.9e50.8 kg (Lordkipanidze et al., 2007) , giving an estimated RHL of 191 with a range of 188e193. These RHL values are greater than seen in living apes (gorillas: mean 140, standard deviation AE6.7; chimpanzees: 159 AE 8.0) and the A.L. 288 A. afarensis specimen (174), but less than the KNM-ER 1481 and KNM-ER 1472 specimens assigned to H. habilis (RHL of 215 and 204, respectively) or the KNM-WT 15,000 and OH-35 African H. erectus 501  502  503  504  505  506  507  508  509  510  511  512  513  514  515  516  517  518  519  520  521  522  523  524  525  526  527  528  529  530  531  532  533  534  535  536  537  538  539  540  541  542  543  544  545  546  547  548  549  550  551  552  553  554  555  556  557  558  559  560  561  562  563  564  565   566  567  568  569  570  571  572  573  574  575  576  577  578  579  580  581  582  583  584  585  586  587  588  589  590  591  592  593  594  595  596  597  598  599  600  601  602  603  604  605  606  607  608  609  610  611  612  613  614  615  616  617  618  619  620  621  622  623  624  625  626  627  628  629 630 Fig. 3A ). The high RHL value for the KNM-WT 15,000 specimen does not appear to be an artifact of its juvenile status and estimates of adult hind limb length and body mass for this specimen (Ruff and Walker, 1993) produce RHL values in excess of 230. As noted in our initial report, the Dmanisi hominins are like modern humans in their humero-femoral proportions. When humerus length is plotted against femur length, Dmanisi groups clearly with other members of the genus Homo (Fig. 3B in Lordkipanidze et al., 2007) . Crural index (100Â Tibia/Femur) for the Dmanisi specimen is 80.3, which is intermediate between European Neanderthals (78.9 AE 1.7) and the means for early modern humans (85.1 AE 3.1) and modern humans (83.5 AE 3.1), and substantially below that of the KNM-WT 15,000 H. erectus specimen (88.6). Together, these measures suggest that the Dmanisi hominins exhibited the longer hind limbs typical of Homo, albeit with RHL and crural index values in the lower range of values typically observed in modern humans.
Talus
The Dmanisi talus is larger than those of living chimpanzees and fossil specimens assigned to Australopithecus, as well as the OH-8 H. habilis foot (Table 2) . Instead, in terms of size and morphology, the Dmanisi talus most closely resembles that of later members of the genus Homo, including living humans (Fig. 4) . Like modern humans, the trochlea of D4110 is strongly convex longitudinally, sellar in contour and wider anteriorly than posteriorly. It lacks the relatively deep groove evident in most chimpanzees and to a lesser extent in OH-8 ( Fig. 4 ; see Gebo and Schwartz, 2006) . Its lateral and medial borders are about equally elevated, and the articular surface does not slope toward the inside of the foot. Medially, the facet for the malleolus extends forward onto the neck but is relatively flat. There is no development of a cupshaped depression that would receive the malleolus during dorsiflexion, as in the foot of apes (Aiello and Dean, 1990 ). The neck is stout and expanded transversely. It appears slightly elongated relative to that of recent Homo, but this elongation is not so pronounced as would be usual for an ape. The (horizontal) angle subtended by the long axis of the neck and the midline of the trochlea is similar to that in humans. The inclination angle, measuring plantar inclination of the head and neck relative to the plane of the lateral trochlea, is high and hence also human-like. Although the head itself is incomplete, its morphology suggests a symmetrical placement on the neck, and there is no indication of lateral rotation. On the superior aspect of the neck, there is a small, flat surface situated laterally, just behind the head. Although not clearly defined, this feature may be a squatting facet, complementary to depressions present on the distal tibia.
Posteriorly, the D4110 body presents two tubercles. The medial tubercle is strong and projecting, so that the passage for the tendon of flexor hallucis longus is channel-like. This channel has a slightly Table 3 ) against estimate femur length for this species (333 mm) from Webb (1996) . 
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oblique (ape-like) rather than vertical (human-like) orientation, but it is doubtful that this feature can be used to distinguish the Dmanisi talus from modern homologues. The proximal articulation for the calcaneus, while less oval than seen in most modern humans, lacks the indentation seen in chimpanzees and to a lesser extent in A.L. 288 (Fig. 4) . D4110 does show some lateral projection of the talofibular articulation, a trait associated with chimpanzees rather than humans (Gebo and Schwartz, 2006) , but the extent is similar to that of ER 1476, and not as extreme as ER 1464 (Fig. 4) .
Metatarsals
In contrast to the talus, which is rather human-like, the Dmanisi first metatarsals are similar in size and morphology to earlier hominins, including OH-8 and specimens assigned to Australopithecus. The proximal shaft in both Dmanisi metatarsal I specimens is expanded, and the metatarsophalangeal articulation extends upward and curves back onto the dorsal aspect of the shaft, two features associated with human-like bipedal gait and reported previously for A. africanus (Susman and de Ruiter, 2004) . The proximal articular surface in both D3442 and D2671 is divided into two subequal components, a feature possibly related to the bipartite medial cuneiform associated with this population (Lordkipanidze et al., 2007) . Neither of these distinct facets is deeply concave, but the lower presents a raised lateral border. Notably, a similarly divided proximal articular surface is evident in the A.L. 333-54 A. afarensis first metatarsal. As in australopithecines and OH-8, the Dmanisi metatarsal I specimens are smaller than those of Neanderthals and modern humans (Table 2) . Further, in the Dmanisi specimens, the metatarsal I heads are relatively narrow, not expanded mediolaterally as in modern humans (Fig. 5B) . 
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The Dmanisi central and lateral metatarsals, like the metatarsal I specimens, have straight shafts in mediolateral view, and appear functionally similar to those of modern humans (Fig. 5A) . However, the central and lateral metatarsals appear to be relatively longer, compared with the Dmanisi metatarsal I specimens, than is typical of modern humans. While caution must be exercised given the small sample size and estimation of lengths for some elements, the Dmanisi metatarsals IIIeV are 25e31% longer than the metatarsal I specimens (Table 3) . This difference is similar to that seen in chimpanzees and gorillas, in which metatarsals IIIeV are an average of 24e28% (chimpanzees) and 31e36% (gorillas) longer than metatarsal I (Table 3) . By contrast, human metatarsals III and IV average 14e15% longer than metatarsal I, and the human metatarsal V is only 4% longer, on average, than metatarsal I ( Table  3 ). The length of the Dmanisi foot relative to that of the hind limb appears essentially modern, with ratios of metatarsal I and IV length to femur length similar to those of modern humans (Fig. 3B  and C) . Among hominoids, species differences in metatarsal/femur proportion derive primarily from increased femur length in hominins; the range of metatarsal lengths is similar across chimpanzees, gorillas, and humans ( Fig. 3B and C) .
Metatarsal robusticity
Robusticity in the first metatarsals from Dmanisi (D3442: 4.9, D2671: 5.8) fell in the upper range of values for our modern human sample (4.52 AE 0.72 n ¼ 86), and well above the means for chimpanzees (3.81 AE 0.67 n ¼ 60) and gorillas (2.10 AE 0.68 n ¼ 20) (Fig. 6) . Robust first rays appear to be common among all hominins. The robusticity values for three metatarsal I specimens assigned to A. africanus (4.8, 6.7, and 7.6), calculated using the estimated male body mass for this species (40.8 kg, using the intra-human formulae in McHenry, 1992) all fall above the mean for modern humans (Table 3) , with the highest value exceeding the maximum robusticity value in our human sample (6.9). These robusticity values remain high even when the intra-hominoid equation is used to estimate body mass (52.8 kg), and are of course much higher if the female estimates for body mass are used.
Robusticity was greater for the Dmanisi metatarsal III (D2021: 2.7) and metatarsal IV (D2669: 3.0) specimens when compared with living humans. Metatarsal III robusticity in the Dmanisi sample was greater than 99% of the human specimens (1.8 AE 0.31 n ¼ 86), near the mean for chimpanzees (2.8 AE 0.56 n ¼ 60; Fig. 6 ). Metatarsal IV robusticity in Dmanisi was greater than 90% of the human specimens (2.0 AE 0.51 n ¼ 86) and also exceeded the chimpanzee mean (2.1 AE 0.43 n ¼ 60). In contrast, the Dmanisi metatarsal V robusticity (D4058: 1.5) fell well below the mean for modern humans (2.2 AE 0.56 n ¼ 86), and closer to the mean for chimpanzees (1.5 AE 0.35 n ¼ 60). The pattern of robusticity evident in the Dmanisi metatarsals, with the fifth metatarsal having the lowest robusticity, is very unusual in humans and is more common in apes (Table 3 ; see also Archibald et al., 1972) . Further, while caution must be exercised in interpreting robusticity in the Dmanisi metatarsals given the estimation of lengths and body masses, it should be noted that the pattern of robusticity does not change when mass and length estimates are varied AE10%.
Metatarsal robusticity and tibial torsion
Torsion in the Dmanisi tibia is very low (þ1 ; see Fig. 1 ) compared with modern humans (15.3 AE 8.9 , n ¼ 86), and high compared with chimpanzees (À8.4 AE 7.9 , n ¼ 60) and gorillas (À18.9 AE 6.2 n ¼ 22) ( Table 1 ). Note that this value of tibial torsion is different than the incorrect value reported initially (Lordkipanidze et al., 2007) . The degree of torsion in the Dmanisi tibia is lower than all but one specimen from our modern human sample (Fig. 7) . In contrast, tibial torsion in the Nariokotome specimen KNM-WT 15,000 (34 ) and other Pleistocene hominins is at or above the mean for modern humans. While caution must be used in interpreting tibial torsion from reconstructed specimens, such as KNM-WT 15,000 with its hafted distal epiphysis, torsion in the Dmanisi tibia clearly falls well below that of other Pleistocene specimens. Further, it should be noted that femoral torsion in the Dmanisi hind limb does not compensate for the lack of tibial 
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torsion. The combined femoral þ tibial torsion in the Dmanisi hind limb results in a net À7 rotation (intoeing), well below typical net rotation in modern humans (þ20 , Rittmeister et al., 2006) .
Plotting tibial torsion against the relative robusticity of the first and lateral rays, it is apparent that humans exceed chimpanzees and gorillas in terms of both torsion and relative robusticity of the first metatarsal (Fig. 8) . Here again, the Dmanisi hominins are intermediate between chimpanzees and humans in both tibial torsion and metatarsal robusticity. However, while there is a correlation among species between tibia torsion and relative metatarsal robusticity (MTI/III: r 2 ¼ 0.35, p < 0.01; MTI/IV: r 2 ¼ 0.57, p < 0.01; n ¼ 169 with species pooled), there is no significant correlation within species (p > 0.05 all comparisons). Thus, while metatarsal robusticity does appear to correspond with tibia torsion among species, these variables do not appear to be linked within species.
Plantar arch
Metatarsal torsion in the Dmanisi hominins is similar to that seen in modern humans ( Fig. 9A ; Table 4 ). The first metatarsals of humans and chimpanzees are significantly different in terms of torsion (p ¼ 0.006 Student's two-tailed t-test), but the range of variation in both species is substantial. Similarly, mean torsion in metatarsal V is statistically different between humans and chimpanzees (p ¼ 0.04), but the ranges overlap considerably. However, torsion in the second, third, and fourth metatarsals are distinctly different between species (p < 0.001 all comparisons). While torsion of the Dmanisi first and fifth metatarsals is within the range of values seen in both chimpanzees and humans, torsion in the Dmanisi metatarsal III and IV falls within the human range, well outside of the chimpanzee range. A similar pattern of torsion is evident in the OH-8 foot (Fig. 9A) . For both the Dmanisi and Olduvai specimens, a human-like pattern of metatarsal torsion is likely and this indicates the presence of a human-like transverse arch (Fig. 9B) , because the absence of a transverse arch would bring the functional axes of the metatarsal-phalangeal joints out of alignment (Fig. 9C) .
Discussion
Dmanisi biomechanics and the origin of Homo
Hypotheses for the emergence of the genus Homo often propose that the derived locomotor anatomy seen in early members of the genus reflects increased ranging due to increased meat consumption and selection for improved economy and endurance (Shipman and Walker, 1989; Bramble and Lieberman, 2004; Pontzer, 2006) . The Dmanisi hominins provide an opportunity to examine the possible effects of carnivory on post-cranial anatomy without the confounding effects of heat stress and increased body and brain size present in East African populations of Pleistocene H. erectus. Results of this study suggest that, despite a number of primitive retentions in foot morphology, the Dmanisi hominins were more cursorially adapted than earlier hominins.
Among terrestrial species, the greatest single anatomical predictor of locomotor economy is effective limb length, the length of the hind limb as a strut (Kram and Taylor, 1990; Pontzer, 2005 Pontzer, , 2007a . In fact, limb length drives the scaling of mass-specific locomotor cost (i.e., metabolic energy per kilogram body mass per distance traveled) from ants to elephants (Pontzer, 2007a) , and is a better predictor of mass-specific locomotor cost than body mass. A. The ratio of metatarsal I robusticity to metatarsal III robusticity plotted against tibia torsion. B. The ratio of metatarsal I robusticity to metatarsal IV robusticity plotted against tibia torsion. Open circles: gorillas; gray circles: chimpanzees, black circles: humans; black square with white Â, Dmanisi. Dmanisi values are calculated using both D2671 and D3442 first metatarsals.
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Species with particularly long limbs for their body mass have a relatively low cost of transport (i.e., energy spent per distance), while species with short limbs have high locomotor costs (Pontzer, 2007a) . The effect of limb length on cost is also evident within species (Minetti et al., 1994; Steudel-Numbers and Tilkens, 2004; Pontzer, 2007b) . Limb length comparisons suggest the Dmanisi hominins were intermediate between the australopithecines and later members of the genus Homo in terms of locomotor economy. Relative to body mass, the Dmanisi hind limb is clearly longer than that of African apes and the A.L. 288 A. afarensis specimen. In fact, the Dmanisi specimen is within the lower range of values for modern humans (Table 1, Fig. 3A) .
While Dmanisi metatarsal morphology differs somewhat from that of later Homo ( Fig. 5; Table 3 ), the Dmanisi foot appears functionally similar to that of modern humans. Among our comparative sample, the size and morphology of the Dmanisi talus is most like that of African H. erectus and modern humans (Table 2, Fig. 4) , with a trochlea that is broad and flat (unlike OH-8). This suggests a human-like ankle joint with increased surface area for transmitting joint reaction forces associated with walking and running (DeSilva, 2009) . Further, the pattern of metatarsal torsion indicates the presence of a human-like midfoot transverse arch (Fig. 9B) , since the lack of a transverse arch would require that the metatarsalphalangeal joints of the lateral rays splay laterally, a condition that is functionally implausible and unseen in humans or other apes (Fig. 9C) . The presence of a midfoot transverse arch in turn indicates the presence of a longitudinal plantar arch and a concomitant improvement in locomotor efficiency (Ker et al., 1987; Alexander, 1991; Bramble and Lieberman, 2004) . Without a calcaneus, cuboid, and navicular, it is impossible to know whether the arch of the Dmanisi foot was similar in some critical aspects, such as an immobile (close-packed) calcaneal-cuboid articulation, to that of later hominins (Harcourt-Smith and Aiello, 2004) . However, the talar morphology, presence of an arch, and an adducted, robust first metatarsal suggest the Dmanisi foot was fully committed to terrestrial bipedalism and functionally equivalent, in terms of rigidity during stance phase and toe-off, to that of modern humans.
With a relatively long hind limb, arched foot, fully adducted and robust first ray, and human-like ankle joint, the Dmanisi hind limb appears to have been similar in most functional aspects to modern humans. Relative to the australopithecines, the Dmanisi hominins evince improved economy and efficiency in both walking and running. Since the Dmanisi hominins are associated with clear evidence of stone tool use and butchery (Lordkipanidze et al., 2007) , their cursorial adaptations support the hypothesis that the adoption of meat eating in early Homo, either through hunting or scavenging, resulted in selection for more economical walking and running. Other proposed pressures, namely warmer temperatures (Walker, 1993) and increased body and brain size (Lovejoy, 1999) were absent for these hominins.
Locomotor evolution in the genus Homo
While our analyses focus on locomotor economy in the Dmanisi hominins, numerous and sometimes competing evolutionary pressures undoubtedly act in concert to shape locomotor anatomy. Indeed, the low crural index of the Dmanisi hind limb may be indicative of competing selection pressures. While the hind limb overall is longer than in australopithecines, the tibia is relatively short, which may be a response to the cold winter temperatures 19.1 (11.6) À36.1 (9.3) À7.6 (6.6) À0.1 (2.5) 6.9 (10.1) Trinkaus, 1981) typical of the southern Caucasus (see Supplementary Information) . Conversely, the longer limbs and high crural index in KNM-WT 15,000 may reflect the aligned pressures of locomotor economy and thermoregulation in that population. In addition, the small, broad pelvis from Gona, Ethiopia, dated to between 0.9 and 1.4 mya (Simpson et al., 2008) , underscores the importance of neonatal head size and mechanics of parturition in shaping hominin locomotor anatomy, particularly as brain size increased through the Pleistocene. Parsing the independent effects of these and other selection pressures on the hominin locomotor skeleton, as well as identifying patterns of pleiotropy and other non-adaptive change, remains an important goal for those reconstructing hominin locomotor evolution
The results of this study support the hypothesis that the adoption of carnivory led to selection for improved terrestrial bipedalism and the post-cranial changes seen in early Pleistocene Homo, but determining the precise timing and extent of evolutionary change in the hominin hind limb through the late Pliocene and early Pleistocene remains difficult. Comparisons to the australopithecines are limited to a small number of specimens of A. afarensis and A. africanus that are both temporally and geographically distant, while elements for early Pleistocene hominins are scarce and generally fragmentary. For example, the RHL estimates for KNM-ER 1481 and KNM-ER 1472, typically assigned to H. habilis and marginally older than the Dmanisi fossils (Klein, 1999) , may suggest that increased hind limb length preceded the hominin expansion into Eurasia. However, limb proportions for H. habilis are uncertain (Haeusler and McHenry, 2004) , making it difficult to assess whether the Dmanisi hominins are more or less derived in terms of hind limb length. Comparing the Dmanisi and OH-8 foot is useful but inconclusive. The OH-8 specimen is similar in metatarsal morphology and the presence of an arch, but seemingly more primitive in talar morphology and overall size. The combination of derived and primitive features in OH-8 and the Dmanisi foot highlights the complex nature of morphological evolution in the hominin hind limb (Harcourt-Smith and Aiello, 2004) and underscores the need for more information before competing evolutionary scenarios, either the simple carnivory model discussed here or others, can be assessed with greater confidence.
Foot mechanics of early Homo
Dmanisi is the only early Pleistocene hominin population for which a complete femur, tibia, and associated foot bones have been found, and it is therefore useful in establishing the pattern of hind limb traits evident in early Homo. As discussed above, the hind limb appears to be functionally similar to later members of the genus Homo, yet metatarsal morphology and tibial torsion are relatively primitive. The metatarsals appear to be similar in size and morphology to OH-8 and earlier hominins, and less like those of modern humans. The lengths of metatarsals III, IV and V relative to metatarsal I appear to be more similar to the condition seen in apes than in modern humans (Table 3) . While the Dmanisi metatarsal I is robust and morphologically commensurate with human-like bipedalism, in lateral view the Dmanisi metatarsal I specimens are more similar to those of OH-8, as well as specimens assigned to A. africanus (Susman and de Ruiter, 2004) , than to modern humans (Fig. 5A) . Further, the phalangeal articulation of the Dmanisi first metatarsals is tall and narrow, like that of australopithecines, and lacks the mediolateral expansion seen in modern humans (Fig. 5B) . The degree of torsion in the Dmanisi tibia (1 ) also differs substantially from the modern human mean (15.3 ). It is lower than all but 1% of the humans in our sample and lower than that of other Pleistocene hominins (Fig. 7) .
The high relative robusticity of the central metatarsals III and IV, as well as the low robusticity of the Dmanisi metatarsal V (Fig. 6) , suggests a loading regime in the Dmanisi that is different than in modern humans. In our initial report (Lordkipanidze et al., 2007) , we suggested that the greater robusticity of the lateral metatarsals (IIIeV) in the Dmanisi hominins may be related to the lack of tibial torsion, since the absence of lateral tibial torsion will tend to rotate the foot medially relative to modern humans (Fig. 10) , which should result in increased plantar pressures under the lateral rays during walking and running. Our data provide only weak support for this hypothesis. Tibial torsion and the relative robusticity of the central rays (III and IV) are correlated across hominoids, but are not correlated within humans, chimpanzees, or gorillas (Fig. 8) . Further, humans, which have the highest degree of tibial torsion, also have the highest average metatarsal V robusticity, while the Dmanisi metatarsal V robusticity is comparatively low (Fig. 6) .
At least two issues complicate the relationship between tibial torsion and metatarsal robusticity. First, as noted in a previous critique of this hypothesis (Wallace et al., 2008) , other variables, such as femoral anteversion, affect the position of the foot, and it may be that tibial torsion by itself is a poor predictor of foot position and metatarsal loading. Second, the relative robusticity of metatarsals IIeV does not appear to correlate strongly with the relative magnitudes of strain experienced during walking and running in humans (Griffin and Richmond, 2005) . For example, plantar pressure readings during walking and running in humans (Hayafune et al., 1999; Nagel et al., 2008) , as well as in vitro strain measures during simulated walking in cadaveric feet (Donahue and Sharkey, 1999) , indicate that stresses are greater in metatarsal II than metatarsal V, but the robusticity of the fifth metatarsal significantly exceeds that of the second (Griffin and Richmond, 2005) . Further, soft tissues, including the plantar fascia and digital flexors, affect the magnitude of stresses experienced by the metatarsals (Donahue and Sharkey, 1999) . Thus, while we find it unlikely that tibial torsion is unrelated to foot position or that foot position is unrelated to metatarsal loading regime, a more sophisticated model of mechanical loading in the forefoot and a better understanding of non-mechanical influences on metatarsal morphology are needed to understand how tibial rotation and metatarsal robusticity reflect the locomotor mechanics and evolutionary history of the Dmanisi hominins. Future work might examine the effect of net long bone rotation (i.e., femur þ tibia) and tarsal morphology on plantar pressure distribution in living humans. The effect of lateral foot rotation on locomotor performance also warrants further study. The limited work on this topic has suggested that improved sprint performance is correlated with a low positive degree of lateral foot rotation (Fuchs and Staheli, 1996) .
The similarities between the OH-8 and Dmanisi feet suggest that the primitive retentions evident in both may have been common among populations of Homo in the early Pleistocene. The more derived foot anatomy indicated by the hominin footprints at Ileret, dated to 1.5 mya (Bennett et al., 2009) suggests that these primitive retentions were lost later, as hominin locomotor evolution continued through the Pleistocene. The primitive features of the Dmanisi and OH-8 feet might also help explain some of the features 1 When the rigidity of the arch is effectively compromised, as during walking over loose sand (Lejeune et al., 1998) , the effort to move the center of mass and the energetic cost of walking increases significantly.
2 Here, we follow the International Commission on Stratigraphy in placing the base of the Pleistocene at 2.59 mya. 3 Landmark-based estimates, following the Martin (1957) protocol, give a range of torsion values from À2 to þ2 . 4 Regrettably, this critique used a torsion value of 21.9
for the Dmanisi tibia, reflecting an error in our initial report (Lordkipanidze et al., 2007) . As noted above, the correct value is 1 (see Table 1 and Fig. 1 ).
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seen in the H. floresiensis foot (Jungers et al., 2009) . If the population from which H. floresiensis diverged was relatively primitive in its foot morphology, fewer evolutionary changes might be needed to produce the distinct set of traits seen in the Liang Bua foot.
Conclusion
Analyses of the Dmanisi skulls have demonstrated that these hominins are primitive in many respects relative to other early Pleistocene Homo, and similar in some cranial dimensions, including endocranial volume, to H. habilis (Vekua et al., 2002; Rightmire et al., 2006) . We find this parallel echoed in the functional morphology of the Dmanisi hind limb with its mosaic of primitive and derived traits. The presence of an arch, human-like talus, and increased relative hind limb length in this population are suggestive of selection for improved locomotor economy and efficiency. These traits, along with the numerous stone artifacts and taphonomic traces that provide evidence for butchery at the site, are consistent with the hypothesis that early Homo was adapted to some degree of carnivory (hunting, scavenging, or both) and the increased locomotor demands that this foraging strategy entails (Shipman and Walker, 1989; Bramble and Lieberman, 2004; Carbone et al., 2005; Pontzer, 2006) . Further, the location of Dmanisi, in an open, temperate habitat far from the African tropics, strengthens the hypothesis that this foraging strategy was critical in the expansion of early Homo throughout Africa and into Asia (Shipman and Walker, 1989) . Intriguingly, the Dmanisi hominins are less derived in terms of hind limb length, and possibly metatarsal morphology, than African H. erectus specimens roughly 200,000 years younger (KNM-WT 15,000). This may suggest that selection pressure for improved walking and running performance continued through the early and middle Pleistocene. More fossils from this period, sampled from more localities, will help elucidate the undoubtedly complicated origins of our genus, and provide a more complete perspective on the early Pleistocene population at Dmanisi. 1411  1412  1413  1414  1415  1416  1417  1418  1419  1420  1421  1422  1423  1424  1425  1426  1427  1428  1429  1430  1431  1432  1433  1434  1435  1436  1437  1438  1439  1440  1441  1442  1443  1444  1445  1446  1447  1448  1449  1450  1451  1452  1453  1454  1455  1456  1457  1458  1459  1460  1461  1462  1463  1464  1465  1466  1467  1468  1469  1470  1471  1472  1473  1474  1475   1476  1477  1478  1479  1480  1481  1482  1483  1484  1485  1486  1487  1488  1489  1490  1491  1492  1493  1494  1495  1496  1497  1498  1499  1500  1501  1502  1503  1504  1505  1506  1507  1508  1509  1510  1511  1512  1513  1514  1515  1516  1517  1518  1519  1520  1521  1522  1523  1524  1525  1526  1527  1528  1529  1530  1531  1532  1533  1534  1535  1536  1537  1538  1539  1540 
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